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We present a novel method for probing the alignment of the molecular axis of an ultracold, nonpolar dimer.
These results are obtained using diatomic 87Rb2 molecules in the vibrational ground state of the lowest triplet
potential a3Σ+u trapped in a 3D optical lattice. We measure the molecular polarizabilities, which are directly
linked to the alignment, along each of the x, y, and z directions of the lab coordinate system. By preparing the
molecules in various, precisely defined rotational quantum states we can control the degree of alignment of the
molecular axis with high precision over a large range. Furthermore, we derive the dynamical polarizabilities for
a laser wavelength of 1064.5 nm parallel and orthogonal to the molecular axis of the dimer, α‖ = (8.9±0.9)×
103 a.u. and α⊥ = (0.9±0.4)×103 a.u., respectively. Our findings highlight that the depth of an optical lattice
strongly depends on the rotational state of the molecule which has to be considered in collision experiments.
The present work paves the way for reaction studies between aligned molecules in the ultracold temperature
regime.
PACS numbers: 33.15.Kr, 33.15.Bh, 37.10.Pq, 67.85.-d
In molecular physics and chemistry, control over alignment
or orientation of the molecular axis in the laboratory frame
is often essential for understanding reaction processes and
molecular structures (see, e.g., Refs. [1–5]). Currently, such
experiments are typically carried out with molecular beams
in a pulsed fashion, where the alignment or orientation is
achieved by state selection with hexapole fields, optical prepa-
ration techniques, or exposure to strong ac or dc electric or
magnetic fields (see, e.g., Refs. [1, 6–9]). In general, the
alignment of the molecular axis is measured via photodisso-
ciation, where the angular dependence of the fragments with
respect to the laser polarization is measured.
A different approach entails working with optically trapped,
ultracold molecular ensembles [10]. Such systems allow for
extraordinary control over the internal and external degrees
of freedom including the tailoring of the trapping potential
and the preparation of molecules in precisely defined quan-
tum states. Here, novel experimental regimes can be reached
featuring ultralow-energy collisions and possible interaction
times up to many seconds. Further prospects are reaction stud-
ies in reduced dimensions and selective investigations of few-
body collisions by controlling the number of aligned particles
per trapping site. Hence, ultracold molecules will strongly
complement the research with molecular beams.
In terms of orientation, the first experiments with ultra-
cold molecules were performed in 2011 where polar KRb
molecules were exposed to a dc electric field [11]. After-
wards, their anisotropic polarizability was investigated in a
1D optical lattice of which the polarization was rotated [12].
In this Letter, we demonstrate a novel method to determine
the alignment of the molecular axis. This method can be read-
ily implemented in typical ultracold-molecule setups. It relies
on the fact that the axis alignment is directly reflected in an
anisotropy of the molecular polarizability. The molecules are
trapped in a cubic 3D optical lattice with orthogonal polariza-
tions. For each lattice beam, we measure the potential depth
for a given light intensity from which we infer the dynamical
polarizabilities in the three directions of space and therefore
the alignment of the molecular axis. As an application, we
briefly show how this technique can be used to spectroscopi-
cally investigate unknown molecular states.
Our experiments are performed with ultracold Rb2
molecules in the vibrational ground state of the a3Σ+u poten-
tial. The molecular ensemble is held in a 3D optical lattice
at 1064.5 nm with trapping times of several seconds. There
is no more than a single molecule per lattice site. We are
able to prepare a variety of precisely defined molecular en-
ergy eigenstates, where the rotational, Zeeman, and hyperfine
structure is fully resolved. Consequently, hyperfine depolar-
ization [13, 14] plays no role. The Rb2 molecules are 100%
spin polarized. The spin polarization directly determines the
molecular axis alignment, which is the quantity that we mea-
sure in our experiment. Although no forced alignment via
electric or magnetic fields is employed, sizeable degrees of
alignment of the molecular axis are readily achieved. Further-
more, the alignment persists as long as a quantization axis is
defined, in our case by an external magnetic field.
When a nonpolar molecule is exposed to a linearly polar-
ized, oscillating electric field ~E(t) = εˆE0 cos(ωt) with am-
plitude E0 and unit polarization vector εˆ , a dipole potential
U =−εˆ · (α↔εˆ)E20/4 is induced. In a Cartesian coordinate sys-
tem of which one axis is pointing along the molecular axis
the polarizability tensor α↔ of a dimer is diagonal and its com-
ponents have two values α‖ and α⊥ for the directions par-
allel and perpendicular to the molecular axis. U can then
be written as U = −(α‖E2‖ + α⊥E2⊥)/4 where E‖ and E⊥
are the corresponding components of the electric field ampli-
tude. We describe the orientation of the molecular axis by a
unit vector ~A= (Ax,Ay,Az) = (sinθcosφ ,sinθsinφ ,cosθ), see
Fig. 1(a). Using E2‖ = (εˆ ·~A)2E20 and E2⊥ = E20 −E2‖ the poten-
tial becomes U =−
[
α‖(εˆ ·~A)2+α⊥[1− (εˆ ·~A)2]
]
E20/4. In a
quantum mechanical treatment (εˆ ·~A)2 is replaced by its ex-
pectation value 〈(εˆ ·~A)2〉. Using electric fields with ampli-
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2tudes E0,i and polarizations εˆi that point in each of the direc-
tions (i= x,y,z) of the lab coordinate system we measure the
molecular polarizabilities
α(i) = 4|Ui|/E20,i, (1)
where
α(i) = 〈A2i 〉α‖+(1−〈A2i 〉)α⊥. (2)
The quantity 〈A2i 〉 defines the degree of alignment of the
molecular axis with respect to the direction εˆi. For nonaligned
molecules, all 〈A2i 〉 are equal to 1/3. Clearly, by measuring
the polarizability α(i) we can directly determine 〈A2i 〉 once α‖
and α⊥ are known.
For the a3Σ+u state of Rb2 the dynamics of the molecu-
lar axis are well described by the wave function of a quan-
tum rotor, of which the Hamiltonian is essentially given by
~R2 with ~R being the operator for nuclear rotation (see Ref.
[15]). Especially for magnetic fields larger than 100 G, we
can in general safely ignore coupling of ~R to any other spins
or angular momenta. Therefore R and its projection mR onto
the quantization axis in the z direction are the only relevant
quantum numbers to describe the angular distribution of the
molecular axis, turning the Rb2 molecule into a simple and
fundamental system to study alignment. Consequently, the
eigenstates of the axial motion are the spherical harmonics
YR,mR(θ ,φ)≡ |R,mR〉. The degree of alignment of the molec-
ular axis with respect to the x, y, and z directions can be cal-
culated as
〈A2i 〉=
∫
|YR,mR |2A2i sin(θ)dθdφ . (3)
Figure 1(b) shows polar plots of |YR,mR |2 corresponding to rel-
evant rotational states. For |R= 0,mR= 0〉 the axis direction is
isotropic in space, indicating a nonaligned molecule. In con-
trast, the axis direction is anisotropic for |2,0〉 and |2,±2〉,
which is directly reflected in degrees of alignment different
from 1/3.
Our experimental setup and the molecule preparation has
been described in detail in Ref. [16]. In brief, an ultra-
cold thermal ensemble of spin-polarized 87Rb atoms ( fa = 1,
m fa = 1) is loaded into a 3D optical lattice and converted into
Feshbach molecules at a magnetic field of B= 1007.4G. Each
Feshbach molecule is nonrotating and has magnetic quantum
number mF = 2 of total angular momentum ~F . The total nu-
clear spin is a superposition of components I = 1,2,3. Using
an optical two-photon process [stimulated Raman adiabatic
passage (STIRAP)] at B= 1000 G, we transfer the molecules
to the vibrational ground state of the a3Σ+u potential, ending
up with a pure ensemble of 1.5×104 molecules at a tempera-
ture of about 1µK. As we use pi-polarized light, mF = 2 does
not change. The intermediate STIRAP level is located in the
c3Σ+g potential, has quantum number I = 3, and is a mixture
of different R. Concerning the final level we choose to pop-
ulate either one of the well-defined states |R,mR〉 = |0,0〉 or
|2,0〉 which are separated by about 1.9 GHz (see Ref. [17])
FIG. 1. (color online). (a) Schematic of the experiment. Three laser
beams with linear polarizations εˆi orthogonal to each other form a
3D optical lattice. The axis of a diatomic molecule is given by
~A. The magnetic field ~B points in the z direction and represents
the quantization axis. (b) Polar plots of |YR,mR(θ ,φ)|2 for states
|R,mR〉= |0,0〉, |2,0〉, |2,±2〉.
by setting the relative detuning of the STIRAP lasers. Both
levels have quantum numbers I = 3 and f = 2 (~f = ~S+~I),
where~S denotes the total electronic spin. Compared to molec-
ular beam setups, the STIRAP pulse in ultracold atoms or
molecules experiments is orders of magnitude longer (typi-
cally tens of microseconds). It therefore can usually resolve
any molecular substructure and unambiguously populate any
quantum state as long as the selection rules allow for it.
The molecules reside within the lowest Bloch band of the
optical lattice, which consists of a superposition of three lin-
early polarized standing light waves in the x, y, and z direc-
tions with polarizations orthogonal to each other, see Fig. 1(a).
Each lattice beam has a wavelength of λ = 1064.5 nm, a
linewidth of a few kilohertz, and relative intensity fluctuations
of less than 10−3. In order to avoid interference effects, the
frequencies of the standing waves are offset by about 100MHz
relative to each other. At the location of the atomic sample, the
waists (1/e2 radii) of the lattice beams are about 130µm and
the maximum available power per beam is about 3.5 W.
We now independently determine the three molecular polar-
izabilities, α(i)(i= x,y,z), which, according to Eq. (2), are di-
rectly linked to the degrees of molecular alignment 〈A2i 〉. Us-
ing Eq. (1), we need a measurement of both the lattice depth
Ui and the field amplitude E0,i. In order to measureUi we con-
sider a lattice beam with polarization εˆi (see Fig. 1). We per-
form modulation spectroscopy [18, 19] in which the intensity
of this lattice beam is sinusoidally modulated by a few per-
cent for a time of 10 modulation periods. A resonant modula-
tion frequency drives transitions from the lowest Bloch band
to the second excited band [see inset in Fig. 2(c)] giving rise
to losses. At the end of each experimental cycle, the fraction
3FIG. 2. (color online). Modulation spectroscopy. The general
scheme is sketched in the inset in (c) illustrating the resonant modu-
lation of the lattice depth in one direction. The data show resonances
for molecules in states |0,0〉 (a) and |2,0〉 (b), as well as for Fesh-
bach molecules |FM〉 (c) at B = 1000 G. We measured the fraction
of remaining molecules N/N0 as a function of the modulation fre-
quency ν for the three different lattice directions. Here, εˆx, εˆy, and εˆz
indicate the electric field of which the amplitude has been modulated
[cf. Fig. 1(a)]. Each data point is the average of between five and 25
repetitions of the experiment (for a given molecular state and direc-
tion i the number of repetitions is constant). The statistical error of
each data point is typically ±(0.05− 0.15). Solid lines correspond
to Lorentzian fits.
N/N0 of molecules remaining is measured. For this purpose,
the atom signal is detected via absorption imaging after re-
versing the STIRAP and dissociating the molecules using a
magnetic field sweep across the Feshbach resonance. By com-
paring the resonant transition frequency to a band-structure
calculation of the sinusoidal lattice, the lattice depth U is de-
termined.
Figure 2 shows excitation spectra after modulation for vi-
brational ground state molecules in states |0,0〉 and |2,0〉 as
well as for weakly bound Feshbach molecules at a magnetic
field of B = 1000 G. For each measurement, we determine
the center of the excitation resonance using a Lorentzian fit.
For technical reasons the modulation strength varied between
the three lattice directions (6%, 5%, and 2% peak-to-peak in-
tensity modulation for εˆx, εˆy, and εˆz, respectively), leading to
different depths of the resonances. We have checked that this
variation does not affect the resonance positions. As the light
field amplitudes E0,i for the three lattice directions are similar,
we observe that for nonrotating molecules in |0,0〉 [Fig. 2(a)],
the resonant excitation frequencies in the three different mod-
ulation directions are also very similar. For the case of |2,0〉
[Fig. 2(b)], however, the lattice depth for εˆz polarization is
FIG. 3. (color online). Polarizabilities α(i)(i = x,y,z) of the Rb2
triplet molecules for the rotational states |R = 0,mR = 0〉 (squares),
|2,0〉 (circles), and an unknown state |2,?〉 (triangles) for different
magnetic fields B= 1000G, 700G, 400G, and about 10G. For better
visibility overlapping data points are shifted slightly with respect to
each other in the horizontal direction. The error bars are given by
the uncertainty of the Lorentzian fits in the amplitude modulation
spectra (cf. Fig. 2). Horizontal lines indicate the mean values of the
measured polarizabilities for the states |0,0〉 and |2,0〉.
much higher than for εˆx and εˆy, indicating an alignment of
molecules along the z direction.
In order to precisely determine the electric field amplitudes
E0,i we perform lattice modulation measurements with weakly
bound Feshbach molecules for the same experimental param-
eters as for deeply bound molecules [Fig. 2(c)]. In this way,
the polarizability can be determined independently of the ex-
act beam parameters. We use α(i)Rb+Rb = 4|Ui|/E20,i and the
fact that the polarizability of Feshbach molecules, αRb+Rb,
is isotropic and known to be twice the atomic polarizabil-
ity αRb = (693.5± 0.9) a.u. [20]. Here, 1 a.u. = 4piε0a30 =
1.649×10−41 Jm2V−2, where a0 denotes the Bohr radius and
ε0 is the vacuum permittivity. As can be seen from the ob-
tained excitation resonances [Fig. 2(c)], the absolute lattice
depth and thus the electric field amplitude slightly varies in
the three directions. Of course, according to Eq. (1), this vari-
ation drops out when determining the polarizabilities of the
deeply bound molecules.
Figure 3 shows measured polarizabilities α(i) of molecules
initially prepared in state |0,0〉 or |2,0〉 at B = 1000 G. Af-
ter production we adiabatically lower the magnetic field from
B = 1000 G to 700 G, 400 G, and about 10 G. At each B
field we measure α(i) in all three directions. As already seen
in Fig. 2(a) the nonrotating state |0,0〉 exhibits an isotropic
polarizability α(i). This isotropy is reflected in the spheri-
cal symmetry of the rotational wave function for the molecu-
lar axis, Y0,0, which is simply a constant. Correspondingly,
the calculated expectation value 〈A2i 〉 is 1/3 for all direc-
tions. Thus, Eq. (2) simplifies to the useful relation 3α(i) =
4α‖+2α⊥.
Next, we study α(i) for state |2,0〉 down to B = 400 G. As
already observed in Fig. 2(b) there is a clear anisotropy of
α(i). The polarizabilities in the x and y directions are iden-
tical, but differ from the one in the z direction. We check
for the consistency of the measurements. From Eq. (2) and
〈A2x〉+ 〈A2y〉+ 〈A2z 〉 = 1 follows ∑iα(i) = α‖ + 2α⊥, which
should be equal to 3α(i) of state |0,0〉. Our experimental data
fulfill this relation to within 1%. The fact that the polarizabil-
ity α(i) is independent of B both for |0,0〉 and |2,0〉 highlights
that the alignment of the molecular axis is not forced by the
magnetic field. It merely sets the direction of the quantization
axis, stabilizing the spin polarization of the molecules.
We can use the measurements of α(i) for state |2,0〉 =
Y2,0(θ ,φ) to determine α‖ and α⊥ from Eq. (2). Using Eq. (3)
we calculate 〈A2x〉 = 〈A2y〉 = 0.2381 and 〈A2z 〉 = 0.5238 [cf.
Fig. 1(b)]. We obtain a set of two independent equations
(the equations for the x and y directions are nominally identi-
cal), which can be uniquely solved, resulting in α‖ = (8.9±
0.9)× 103 a.u. and α⊥ = (0.9± 0.4)× 103 a.u. These values
are in good agreement with ab initio calculations, which give
α‖ = (7.5± 1.2)× 103 a.u. and α⊥ = (1.0± 0.1)× 103 a.u.
[21, 22]. The large difference of α‖ and α⊥ can be explained
as mainly arising from the different lattice laser detuning with
respect to the relevant electronic transitions [23].
The novel method to probe the alignment of the molecular
axis can be used to gain information about unknown quan-
tum states and therefore has possible future applications in
spectroscopy. As an example, we now look at the data points
(triangles) at 10 G. Although these data are also obtained by
first preparing state |2,0〉 at 1000 G and subsequently ramp-
ing down the B field, they look quite different from the ones
at 400, 700, or 1000 G discussed previously. All polarizabili-
ties change considerably and α(z) is now smaller than α(x) and
α(y), but the sum rule ∑iα(i) = α‖+ 2α⊥ still holds. Appar-
ently the molecular quantum state undergoes a drastic change
at low B fields when sweeping the magnetic field. Since α‖
and α⊥ are known, we can directly extract the degrees of
alignment from the measured polarizabilities α(i) according
to Eq. (2). From a simultaneous fit, assuming 〈A2x〉 = 〈A2y〉
and using the normalization 〈A2x〉+〈A2y〉+〈A2z 〉= 1, we obtain
〈A2x,y〉 = 0.42 and 〈A2z 〉 = 0.16. Coupled channel calculations
show that in the direct vicinity of the initial state |2,0〉 ( f = 2,
I = 3, S = 1) only rotational levels with R = 2 are present
[25]. The measured values closely match the calculated de-
grees of alignment 〈A2x,y〉 = 0.4286 and 〈A2z 〉 = 0.1429 of
the states |2,±2〉, whereas no agreement is found for |2,±1〉
(〈A2x,y〉 = 0.2857 and 〈A2z 〉 = 0.4286). How the change in the
molecular quantum state comes about is currently still an open
question and necessitates further investigation.
In conclusion, we have studied the axis alignment of
trapped, ultracold, nonpolar molecules in two predetermined
rotational quantum states. For this purpose, we introduced
a novel method that relies on the measurement of the polar-
izability of the molecules along the three spatial axes. Fur-
thermore, we have demonstrated how to apply this method
to spectroscopically investigate unknown molecular quantum
states.
We have verified that sizeable alignment or antialignment
(i.e., 〈A2i 〉 < 1/3) of the molecular axis can be achieved with
spin polarized samples even without any alignment forces. We
determined the dynamic polarizabilities α‖ = (8.9± 0.9)×
103 a.u. and α⊥ = (0.9± 0.4)× 103 a.u. for the Rb2 vibra-
tional ground state of the a3Σ+u potential at a wavelength of
1064.5 nm. The fact that α‖ and α⊥ are so different implies
that the lattice depth strongly depends on the rotational level.
This can be used for filtering, i.e., state selection of molecules.
The ability to prepare well-defined rotational states and the
successful probing of their alignment paves the way for col-
lisional studies of stereochemical processes. Indeed, we are
currently investigating collisions between aligned molecules
in a quasi-1D geometry.
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Owing to selection rules for pi- and σ -transitions, α‖ (α⊥)
is linked to Σ−Σ (Σ−Π) transitions. As can be seen from
Fig. S1, the detuning of our lattice laser from the Franck-
Condon point on the d3Πg potential curve is about 6 times
larger than from that of the c3Σ+g potential curve, explaining
the large difference of α‖ and α⊥ to first order.
c
d
FIG. S1. (Color online). Detunings δΣ and δΠ of the lattice laser
at λ = 1064.5 nm from the two most relevant transitions, a3Σ+u −
c3Σ+g and a3Σ+u − d3Πg, that determine the polarizabilities α‖ and
α⊥, respectively. The energy reference is given by the asymptote of
the a3Σ+u potential. The potential curves are taken from [1].
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